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Nuclear Physics for the Neutrino Program

* Accurate calculations af-nucleus cross-sections
in a wide range of energy/momentum transfer

* Targets: fromd to °Ar and more
* (More) Exclusive Channels

!
P(nm! ne) = sinf2gsir? o
2E,

* In this talk: The Quantum Monte Carlo community's effért
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Towards a coherent and uni ed picture of neutrino-nuclesriactions
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few MeV,q 10? MeV: Neutrinolessh b-decays
tens MeV: Nuclear Rates for Astrophysics

107 MeV: Accelerator neutrinog)-nucleus scattering
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The Microscopic (oab initio) Description of Nuclei

~0

Develop acomprehensive theoithat describeguantitativelyandpredictably
all nuclear structure and reactions

* Accurate understanding afteractions between nucleqn#s andn's

* and betweemlectronsandneutrinoswith nucleons, nucleons-pairs;:
* Electroweak Nucleonic Form Factors are inputs ofdhenitio framework

HY = EY

Y(ra;ro; A S s i sar s to; i ta)

Erwin Schrodinger
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Nuclear Interactions

The nucleus is made of A non-relativistic interacting noae and its energy is

A
H=T+V=4t+3uj+ & Vik+:

i=1 i<j i<j<k

whereujj andVjj, aretwo- andthreenucleon operators based on EXPT data tting
and tted parameters subsume underlying QCD

* QMC: AV18+UIX [ AV18+IL7
Wiringa+Schiavilla+Piepeet al.
* QMC: NN(N2LO)+3N(N2LO) (p&N)
Gerzelis+Tews+Epelbaum+Gandol +Lyret al.
N * QMC: NN(N3LO)+3N(N2LO) (p&N& D)
Piarulli et al.
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Pastoreet al. PRC80(2009)034004
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Quantum Monte Carlo Methods

~0

Solve numerically the many-body problem
HY = EY

Y(ra;ro; 5T A S Sps i sar s to; i ta)

Y arespirrisospinvectors in3A dimensions with 2 ﬁ
‘He: 96

6Li: 1280

8Li: 14336

12C : 540572

components

using Variational and Green's Function MC Methods
onel2C energy calculation takes 15k core hours in VMC
and 75k core hours in GFMC
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Energy Spectrum and Shape of Nuclei

Piarulli et al.
PRL120(2018)052503
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Nuclear Currents

1b 2b
° I o
r = aritarit:i;
=1 i<j
q
& o
I _aJ|+a']|J+ B

i<j

I
-

* Nuclear currents given by the summ$ andn's currents,one-body currentélb)

Cp

[
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* Two-body current§2b) essential to satisfy current conservation
* We useMeson-Exchange Currents (MEG) cEFT Currents

- qj=[Hir]= ti+uj+ Vigr

N N
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EM Moments, EM Decays arnglscattering off nuclei
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Pastoreet al. PRC87(2013)035503

Lovatoet al. PRC91(2015)062501

Electromagnetic data are explained when
two-body correlationandcurrentsare accounted for!
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Inclusive(e; n) scattering

* inclusive xsec$

d?s

JEGV0 sm[VLRL(g;w) + vrRr(q, w)]

Ra(gw)= & d w+Ey E jhfjOa(q)j0ij?
f

Longitudinalresponse induced b9, = r
Transverseesponse induced 9y = j
... 5 nuclear responses imscattering...

* Sum Rules
Exploit integral properties of the response functions +
closure to avoid explicit calculation of the nal states
Zy
S(g;t) = . dwK(t;w)Ra(ag;w)

Z ; Coulomb Sum Rules
Sa(@= | dwRa(c;w) 1 O} (a)Oa(a)jO
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Sum Rules and Two-Body Physics
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Carlsonet al. PRC65(2002)024002
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enhancement of the transverse
response is due to interference between

1band2b currentsAND presence of
two-nucleon correlations

hip i >0

hipiznv i/h V3 >0
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Recent Developments on Inclusive Electron Scattering*aif

Electromagnetic Transverse Responses

q=[300 750 MeV

Lovato & Gandol et al. PRC91(2015)062501 & arXiv:1605.00248

Electromagnetic data are explained when
two-body correlationandcurrentsare accounted for!
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Recent Developments on Inclusive Neutrino Scatteringaf

NC Inclusive Xsec

q= 750 MeV
Lovato & Gandol et al. PRC97(2018)022502

100 million core hours
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Challenges and Opportunities

*kk

1. How to describe electroweak-scattering Aff 12
without losing two-body physic@.e., two-body correlations and currents)?

2: How to incorporate (moredxclusive process@s

3: How to incorporateelativistic effect®

*kk
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The Present and Future of Quantum Monte Carlo Calculations

gure by Lonardoni
Use of Quantum Computers is being also explored - RoggemnBaCarlson, Perduet al.
One-body momentum distributions

Two-body momentum distributions

0) (f)

rpN(qu

Lonardoniet al. to appear on PRC arXiv:1804.08027

Wiringaet al. PRC89(2014)024305

One-body momentum distributiohgtp://www.phy.anl.gov/theory/research/momenta/
Two-body momentum distributiorhttp://www.phy.anl.gov/theory/research/momenta2/
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Factorization: The Short-Time Approximation

Rgw)= 8 d w+Ey E h0jo'(q)jfih fjO(q)j0i
f
Z .
Rgw) = dthojo'(q)e™ “*o(a)joi
At short time, expand(t) = €t Wt and keep up t@b-terms
H Qt+a u
Y
and
o/ P(t)0i+ OP()O; + O P(1)O; + Of P(1)O;

1b 2b

WITH
Carlson & Gandol (LANL) & Schiavilla (ODU+JLab) & Wiringa (ANL)
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Factorization up to two-body operators: The Short-Time rdppnation (STA)

f>
Response functions are given by the scattering off @ :
pairs of fully interacting nucleons that propagate into a Y
correlated pair of nucleons

Rgw) = &d w+Ey E hojo'(g)jfih fjO(q)jOi
f
O@ = OY(g)+0?(q)= 1b+ 2b
jfi i YppamiLsT:me (1 R)i = correlatedwo  nucleon wi:

* We retaintwo-body physicEonsistentlyin the nuclear interactiorend
electroweak currents
* STA can describe more two-body physiesy, pion-production induced bgandn

Z
R(q;w) d(w+Eo Er)dWedW,dPdp p?P*h0jO"(a)jp; Pih p; PjO(q)j0i
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The Short-Time Approximation

S(e,E) ——
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R(g;w) d(w+ Eo  Er)dWbdWpdPdp p?P?h0jO' (a)jp; Pih p; PiO()j0i

* Preliminary results *
18/ 22



S(e,E) Transverse
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STA back to back scattering

JLab, Subedeét al. Science320(2008)1475

back 2 back tot
back 2 back off pp pairs ======-

100 200 300 400 500
relative energy of the pair e MeV'

= 500 MeV,E = 69 MeV ppvstot

* Preliminary results *
19/ 22



The Short-Time Approximation
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4
[ H e o World's data
5 — - LIT, Bacca et al. (2009)
AV18+UIX — GFMC, Lovato et al. (2015)
L T — STA, Pastore et al. PRELIMINAR}
PWIA

w[MeV]
Longitudinal Response function @& 500 MeV

* Preliminary results *
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Quantum Monte Carlo Studies for the Neutrino Program

Two-nucleon correlationandtwo-body electroweak currents
are crucial to explain available experimental data

* Exact GFMC calculations of inclusive NC xsecs HiC are available
* Quantum Monte Carlo Calculations extended to nuclei With 40
* Short-Time-Approximation developed to evaluaté\ scattering inA> 12 nuclei
* STA retains two-body physics in the inter-nucleon interat and currents
* STA is in excellent agreement with both exact calculatiams data
* STA susceptible of describing exclusive procesees, pion-production
* We are joining the efforts of Betancowt al. and Perduet al.

-0

q

&
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Nuclear Physics for the Neutrino Program

* Accurate calculations af-nucleus cross-sections
in a wide range of energy/momentum transfer

* Targets: fromd to “9Ar and more

* (More) Exclusive Channels
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P(nm!  ne) = sirf2gsin? Dnél
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